The influence of the red cell concentration (per cent hematocrit) upon blood viscosity is well known. Some physiology texts (1) portray this relationship by means of a diagram in which relative or apparent viscosity is plotted against the per cent hematocrit (Figure 1 ). It has been demonstrated that besides the effect of cell concentration the viscosity of blood varies both as a function of the shearing stresses developed within the fluid and the rate at which these forces are distributed between the adjacent fluid elements during flow (2) (3) (4) . The relationship or ratio of shear stress to the gradient of velocity, or shear rate, defines the viscosity of the fluid in the absolute dimensions of dyne-seconds-cm', or poise. In his original definition of this property of fluids, Newton made the assumption that the ratio of shear stress to shear rate was constant for all fluids. Contemporary studies of the flow properties of various complex fluids have shown that many of these demonstrate a disproportionate change in shear stress as shear rate increases or decreases; in fact, rheological nomenclature is based upon the direction in which this ratio changes with change in shear rate (5, 6) .
The viscosity of blood has been shown to exhibit this type of shear rate dependence, i.e., viscosity decreasing as shear rate rises (4) . At the time Poiseuille made his classic contribution to the dynamics of flow in tubes, it was not known that complex fluids such as blood rarely maintained a constant of proportionality between shear stress and shear rate. The Poiseuillian equation therefore has as its first condition that the fluid under study be a Newtonian fluid, i.e., one with a constant ratio of shear stress to shear rate. Many workers have pointed out that blood is a non-Newtonian fluid (3, 7, 8) , that the law of Poiseuille cannot be directly applied to the conditions of flow in the capillary circulation (9, 10) , and that the viscosity of blood is anomalous (11) (12) (13) . In all of these references, however, capillary tube viscometers or the vessels of experimental animals were used as the testing devices. The use of a capillary viscometer, which so well imitates the anatomy of a blood vessel, has certain practical limitations that make it difficult to derive values of blood viscosity over the lower ranges of shear rate (below 100 sec') (14, 15) . The interpretation of the results of viscometry of such fluids in capillary tube viscometers is complicated because the change in shear rate between a zero value at the central axis and a maximum value at the tube wall is not linear with a change in radius (14) . To obtain an accurate estimation of shear rate in tube-type viscometers, it is necessary to determine the flow rate as a function of the pressure drop across the ends of the tube at a number of flow rates both greater and less than the one for which the shear rate is desired. Haynes and Burton have derived shear rate values for capillary tubes from analysis of the pressure-flow curves of red cell suspensions (3) .
Viscometers are available that provide accurate values of shear stress over a range of shear rates (10 to 200 sect) that are a magnitude less than those of the smaller capillary tube viscometers (4). Such instruments involve the rotation of a bob or cylinder within the fluid at a known rpm. The impedance to rotation (torque) upon the bob itself, or upon an external concentric cyclinder, is a function of the shear stress and thereby of viscosity of the fluid contained between the bob and cylinder or the cylinders (14) .
Since blood viscosity is dependent on shear rate, which for cylindrical vessels is a function of the vessel radius and velocity flow, it is apparent that Earlier studies of fluids of constant viscosity included a technique of heating the upper part of the viscometer so that there was no heat loss from the sample to the cone. Subsequent studies revealed that heating of the bottom and walls of the cup by the high perfusion rate from the constant temperature water bath was sufficient to prevent any significant temperature drop within the sample; hence, temperature control of the cone, spindle, and motor housing was not continued. The process of clotting did not appear to influence the results up to the point of clotting, which usually appeared suddenly. This was shown by a sudden erratic motion of the recording pointer to full scale. Readings were reproducible at any shear rate until the moment of clotting. Recordings of readings at the increasing rates of shear followed by similar measurements at decreasing rates of shear showed no evidence of either time dependency (hysteresis) or yield values of any sample tested. Generally, 4 to 6 readings were made at each speed setting. The characteristics of the dial indicator and scale permitted a reading accuracy of from 0.1 per cent at the highest to 2 per cent at the lowest scale values. These values are derived from the relative error on the basis that any reading was accurate to + 0.1 of the observed scale values.
The problem of being certain that no turbulence had developed within the fluid at the higher speeds was settled as follows. Check runs were made with 0.9 per cent saline solution as a test fluid, and the linearity of the torque rith rotational speed was noted over the entire range.
Had there been turbulence, the torque would have increased out of proportion to rotational speed. Since the saline remained in laminar flow and there was linearity of the relationship between torque and rotational speed, it was unlikely that turbulence had developed within the sample. Since whole blood is under all conditions more viscous than water, it must have also remained in laminar flow within the rotational speeds used with this viscometer. A total of 43 samples was analyzed. The data for each sample were obtained from the readings of torque in dynecentimeters, converted to shear stress in dynes per cm2, and then plotted against the corresponding values of shear rate. The details of the mathematical development of the formula in which percentage of maximum torque relates to units of shear stress have been given elsewhere (4, 17) . It can be shown with the present instrument that shear stress = max rq X scale reading in per cent, where r represents the radius of the cone in centimeters. Therefore, each unit of scale reading (per cent of full scale) is multiplied by 0.206 to obtain the shear stress in dynes per cm2. Apparent viscosity is expressed in units of centipoise (poise X 100) as derived from the ratio of shear stress (dynes per cm2) to shear rate (sec1).
RESULTS
The plot of shear stress against shear rate produced a family of curves demonstrating the shear thinning properties (as shear rate increased) of whole blood in all instances (Figure 2A) is assumed that blood is a Newtonian fluid, i.e., one with a constant viscosity, or one whose ratio of shear stress to shear rate remains at constant, it can be shown that the formula 4 V/r represents the shear rate at the wall of the tube (18), V representing the mean velocity in centimeters per sec- ond. A report of work in which a capillary tube was used (19) stated that the tube had a radius of 0.42 mm and that there was a mean flow rate of 0.1 ml per second. This capillary, therefore, had a shear rate of 1,722 sec-'. The data from this work, which used a capillary tube, are plotted in conjunction with the viscosity and hematocrit values of 12 and 120 sec-1 (Figure 4) . The good comparison between the curve in Figure 1 and the curve in Figure 4 labeled "capillary" is due to the fact that most references from which these data are obtained use capillary-type viscometers. Two of the samples studied were obtained from patients with secondary polycythemia owing to chronic pulmonary insufficiency. The flow properties of plasma were also studied. Compared with the range of viscosity values for whole blood, viscosity values of plasma were small. Above a shear rate range of 60 sec-', the values were all approximately the same, 1.7 ± 0.1 centipoise. As Figure 3 shows, the viscosity curves approach the value of 1.7 as cell concentration approaches zero. The influence of anticoagulants and of other rheological properties of plasma has been discussed previously (20) .
DISCUSSION
These studies indicate that the viscosity of whole blood is dependent not only upon the volume concentration of red cells, but also upon the mechanical forces operating within the fluid during flow. Well established principles of fluid mechanics define these internal flow forces in terms of shear stress and shear rate, the terms employed in this report. The many studies that describe the influence of percentage hematocrit upon blood viscosity are essentially similar in their conclusions as to the degree of effect red cell concentrations have upon viscosity values (19, 21, 22) . In almost every instance these studies were conducted at relatively high ranges of driving pressure and I in small capillary tubes. Since shear rate is a function of flow rate and tube radius, it can be shown that the shear rates in these studies were of the order of 1,000 sec'1 or higher. The shear rate ranges of the report of Haynes are probably lower than this (23). This does not imply that such data do not have physiological significance, for it is likely that in the ascending aorta, in cases of high cardiac output, or at the orifices of stenotic valves in disease, shear rates in these higher ranges probably are present. The determination of what rates of shear are physiologically significant is complex. A crude approximation of the shear rate at the wall of the aorta in normal man at rest is probably around 100 sec'1; this is based on the formula that for a Newtonian fluid the shear rate at the tube wall is obtained from the values of 4 V/r, as stated above. An aortic blood flow velocity of 35 cm per second and a radius of 1.3 cm (24) would result in a shear rate of 108 sec-1. This derivation does not take into account the influence of nonparallel walls, pulse waves in the fluid and in the vessel wall, and other related factors. The derivation or even estimation of shear rates in other parts of the microcirculation is hazardous, for acceptable definitions of flow rate in smaller arteries, arterioles, and venules have not been presented. Using photographic techniques, Lee has estimated that the blood flow in the "end arterioles" of the bulbar conjunctiva in man demonstrates a flow velocity of 0.11 mm per second (25) . If one assumes that an end arteriole varies from 50 to 500 ,u in diameter, then in a vessel 100 ju wide, by the formula 4 V/r as above, blood in these arterioles would be subjected to a shear rate of about 10 sec-1. The validity of these dimensions of flow rate values cannot be explored here, nor can the estimations of the shear rate in these smaller vessels be more than gross approximations until further quantification of the rates of flow in resting man is presented. For the present, we believe that the higher shear rates occur in the major vessels and the lower rates, perhaps less than 100 sec', in the smaller arterioles and venules. Rheologically, the capillary is a separate problem, in that plug flow occurs in these smallest vessels so that the flow-dependent properties of the fluid rest with the plasma. (26) . At least four mechanisms can be invoked to explain or predict the shear rate dependence of blood: 1) the alignment of the asymmetrical protein molecules at increasing rates of shear; 2) the disassociation of associated proteins in aggregated clusters; 3) the disassociation of a protein red cell network; and 4) the orientation of the suspended red cells at increasing rates of shear (27) (28) (29) (30) . In both 1 and 4, alignment produces a situation in which there is less interference between molecules or cells. Disassociation of clusters or networks may or may not produce the decrease of viscosity, but unquestionably 1 and 4 would produce a decrease with increasing shear rate. These matters have been explored in detail elsewhere (15, 31) . This report is not designed to review or extend these considerations except in respect to a fifth mechanism used in the biological literature to explain changes in blood viscosity as a function of tube or vessel diameter. The phenomenon by which viscosity falls as tube diameter is decreased was described by Fathraeus and Lindqvist (10) . This well known observation has been ascribed to the accumulation of cells near the central axis of the stream, thus allowing a fluid very low in or free of cells to flow along the wall. The reduced resistance to flow resulting therefrom is considered to account for the viscosity changes in the small tubes. 
